Introduction {#Sec1}
============

Biomaterial-cell interaction is one of the key issues in life sciences and it is currently under extensive study (Huebsch et al. [@CR10]). Numerous factors affect the interaction of a man-made scaffold and cells. Therefore, basic multidisciplinary research is needed prior to clinical trials for, for example, the implantation of bone replacements or the introduction of new electronic devices into the human body. In addition to promoting tissue growth and healing, or the integration of these devices by facilitating cell adhesion, the guidance of living cells by structural cues may have further applications among other fields in life sciences, such as cellular and molecular biology (Huebsch et al. [@CR10]). For example, a living cell-based assay could benefit from cell growth control, especially if applicable in high-throughput formats. This could be a plastic microtiter plate providing niches for cells or a "cells on a chip" microchip array (El Ali et al. [@CR6]) for miniaturized cell cultures and single cell analysis, in combination with a microfluidistic system (Zare et al. [@CR41]). Such a system could be used for, for example, drug screening and discovery, or contribute to the development of single cell bio-devices (Sato et al. [@CR28]). For the pursuit of longer-term goals in tissue engineering it would provide scaffold for studying stem cell differentiation (Mei et al. [@CR19]; Underhill et al. [@CR35]) or could be employed in diagnostics.

Similar to other physicochemical properties of the surface or the matrix, topographies have a major impact on cell behaviour (Lim et al. [@CR15]; Meyer et al. [@CR20]). Structures such as grooves, pits and arrays of pillars have been produced by various methods in order to control cell behaviour (Schmidt et al. [@CR30]). Examples of this include using electron beam lithography followed by solvent casting structures on polystyrene, which has been used in the study of fibroblast alignment (Loesberg et al. [@CR17]), or using direct electron beam evaporation in order to generate nano- and micro-structures for directing cells (Puckett et al. [@CR22]). Additionally, there are a vast number of alternatives to expensive electron beam lithography. The two most well-known alternatives are photolithography and soft lithography. In combination with other techniques, imprinting (Truskett et al. [@CR34]) or soft lithography is typically used in micron scale chemical patterning (Qin et al. [@CR24]). Whatever the approach or the methods may be, the purpose is to control cell behaviour; differentiation, migration, proliferation or spreading. For example, the control of cell spreading and orientation is crucial, especially in the development of certain tissues and in cell differentiation, for example in nerve regeneration (Recknor et al. [@CR26]) or in the coating of vascular grafts with endothelial cells (Uttayarat et al. [@CR36]).

Femtosecond laser ablation is a versatile tool for the generation of both self-organized and directly written nano-, micro- and macrostructures, basically on any material and without photomasks or specialized environments. Using other methods, the producing of multilevel structures can be time-consuming and expensive. Laser ablation, however, is capable of generating large uniform areas even in a single manufacturing step in ambient conditions (Huang et al. [@CR8]). The attribute of laser ablation that produces Light Induced Periodic Surface Structures (LIPSS) (Qi et al. [@CR23]; Zhao et al. [@CR43])---in addition to micron scale structures---is yet to be exploited in terms of biomaterials. LIPPS are nanometer scale structures whose orientation can be controlled with the polarization of ablation pulses. The control over nanostructures can be particularly powerful in controlling cell behaviour, but also in altering wetting properties, since wetting is dependent on the structural features of the surface, in addition to the basic chemical properties of the material. For example, specific combinations of micro- and nanostructures on a surface are able to turn a slightly hydrophobic material to "superhydrophobic"---a phenomenon commonly known as the "lotus effect", which has been under extensive investigation for its numerous applications (Zhang et al. [@CR42]). Hence, laser ablation has been applied with this intention as well, and with the method, even a metal surface has been turned into "superhydrophobic" (Kietzig et al. [@CR13]) and a silicon wafer surface to "superhydrophilic" (Vorobyev et al. [@CR37]).

However, only a limited number of studies have so far reported interaction between a laser ablated biomaterial and living cells. Previous studies have shown that laser ablation is a suitable method for optimizing the electrode-cell contact (Reich et al. [@CR27]) and selectivity (Schlie et al. [@CR29]). In the study by Paul et al. ([@CR21]), an inflammatory response of macrophages was triggered with topographical cues on polyvinylidene fluoride (PVDF), while Yeong et al. ([@CR40]) studied how a microchannel structure directly written on a polymer surface affected cell alignment. The present study, however, presents direct large uniform patterning of stainless steel with femtosecond laser pulses, after which the patterns are hot embossed to polycarbonate (PC). Since surface energies have an important role in the biological adsorption (Zhang et al. [@CR42]), we have characterized the wetting properties of representative structures. In the second part of the study, we further concentrate on the effects of topographies to cultured human osteosarcoma (U2OS) cell behaviour on both stainless steel surfaces and on their negative imprints on polycarbonate. The present study shows that localization, spreading/elongation, orientation, morphology and cell densities can be affected by surface structures manufactured with this method. The orientation of the cells was controlled especially with multilevel periodic structures, while proliferation was only affected by non- or quasiperiodic structures.

Methods {#Sec2}
=======

Fabrication of surface patterns {#Sec3}
-------------------------------

Prior to surface modifications, the samples of stainless steel M390 alloy (Böhler, purchased from Stén & Co Oy Ab, Nurmijärvi, Finland) were mechanically polished and cleaned with an ultra-sonic bath of acetone and in dH~2~O. Gratings were fabricated by irradiating the metal alloy with femtosecond laser pulses (Quantronix Integra C 3,5 mJ, Scanditest Sverige AB, Åkersberga, Sweden), using a width of 120 fs and a 790 nm centre wavelength at up to 1 kHz repetition rate. Multiple 3D motion controllers (Micos Corvus Es 100 and PLS 85) were used in the precise moving of the sample holder.

The surface modifications included pseudo-periodic and periodic structures. The pseudo-periodic structures were fabricated by scanning a focused beam on the surface using a spherical lens with a focal length of 50 mm. The pulse energy used was 1 mJ and the scanning speeds were 14.000, 7.000, 3.500, 1.750, 0.875, 0.438, 0.219, 0.109, 0.055, 0.027 and 0.014 mm/s. The periodic structures were fabricated with a cylinder lens, which produced lines of 15 mm in length and 7 μm in width. Ablating the lines next to each other produced linear gratings with the desired periodicities, 12.5 and 25 μm. For the 2D gratings, perpendicular lines were generated again using 50, 100 or 150 illumination pulses.

Patterned metal plates were then used as moulds when hot-embossing to polycarbonate. Hot-embossing was done using an NIL Eitre 3 tool. Holding time was set to 120 s at 160 °C and in 40 bar pressure.

Characterization of surface patterns {#Sec4}
------------------------------------

Micron scale structures were monitored in real time by light microscope, while Light Induced Periodic Surface Structures (LIPSS)---a typical nano-scale roughness in the ablation process---were monitored with a scanning electron microscope (SEM) (LEO 1550 Gemini). Images presented in Fig. [1a-f](#Fig1){ref-type="fig"} have been recorded using a 5.00 kV acceleration voltage and the magnifications 4.51 kX, 895 X, 6.00 kX, 6.19 kX, 1.10 kX and 6.61 kX, respectively.Fig. 1Laser ablated structures on steel (**a**-**c**) and hot embossed structures on polycarbonate (**d**-**f**). 2D periodic grating (**a**) and pseudo-periodic, coral-like (**b**) structures have been hot embossed to polycarbonate (**d** and **e**, respectively). It can be seen that despite the high aspect ratio, the replication process has been carried out without losing any submicron details. **c** A typical 1D grating structure employed in this study. **f** A polycarbonate replica in a position where two 1D gratings cross and form a 2D grating. Bar in **a** and **d** is 10 μm, **b** and **e** 30 μm, **c** 4 μm and **f** 3 μm

Structure heights were monitored using a SEM either by making a plastic copy and measuring the height from a cross-section, or by focusing on the highest and deepest points of a metal structure and estimating structure heights from the distance of these measuring points. The wettability properties of the patterned and smooth control surfaces were investigated using an optical contact angle measuring system (KSV Cam200 -camera, KSV Cam2008 -software) at 20 °C, in normal atmospheric conditions, using a droplet size of 5 μl.

Cell cultures {#Sec5}
-------------

Osteosarcoma U2 cells (U2OS, ATCC, Manassas VA USA) were selected as a model cell line, since they are well established, and these osteoblast-like cells are known to show moderate variability and matrix producing properties, and no mineralization of the matrix ((ter Brugge et al. [@CR33]) and references within)---all aspects that could be problematic analysing cell growth on highly structural surfaces and by methods used in the present study. The patterned steel samples were sonicated in acetone for 2 h and wrapped in a foil and heat sterilized at 200 °C at least for an hour. The plastic imprints were autoclaved at 121 °C for 20 min. Prior to culturing U2OS cells, the substrates were immersed in McCoy's5a medium (Lonza, Verviers Belgium), supplemented with 10 % fetal bovine serum, and with 219.15 mg/L L-glutamine (Euroclone, Siziano Italy), and pre-equilibrated at least for 2 h. Pre-wetting was used to ensure uniform distribution of cells on the surfaces, which are known to have a strong effect on fluid behaviour. The starting density of the cultures was 6500 cells/cm^2^, since it was found suitable for the employed culture times (48 h or 96 h) and for the both types of substrates.

Imaging of cell cultures {#Sec6}
------------------------

For the fluorescence microscopy (with Zeiss Axcioplan2 microscope), the cells were washed several times with phosphate-buffered saline (PBS) and fixed with 3 % paraformaldehyde (PFA). The cells were permeabilized for immuno-staining with a 0.1 % Triton-X-100 in PBS. In order to block unspecific binding of antibodies, a 0.2 % gelatin in PBS was used. The primary antibody against β-tubulin (MAB3408) was from Chemicon (Temecula, CA USA). Alexa-fluor conjugated secondary antibodies (A-11029, A-11032), which were used for fluorescent detection of the primary antibody, were purchased from the Molecular Probes (Eugene, OR USA). Final concentrations of all antibodies were 1 μg/mL---only one secondary antibody was used at a time in each experiment (depending on the desired emission wavelength). The nuclei were stained with 1 μg/mL bis-benzimide (Hoechst 33258, Sigma-Aldrich, St. Louis MO USA). In the fluorescence microscope, 20 X, 10 X and 40 X objective lenses were used for the Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, respectively. For the SEM, a drying method presented in (Mata et al. [@CR18]) was used: the cells were fixed with 2 % glutaraldehyde and the water was substituted with ethanol in a step-wise manner (with 50--99.6 % EtOH) and eventually with hexamethyldisilazane (HMDS). After this, the samples were air-dried and preserved in a desiccator until sputter coated with a 15 nm gold layer, using a turbo sputter coater (Emitech K575X, Emitech Limited Ltd, Kent, UK) according to the manufacturer's instructions, and imaging with SEM with acceleration voltage of 5.00 kV and magnifications of 14.23 kX (in Fig. [4c](#Fig4){ref-type="fig"}), 80 X (Fig. [5a](#Fig5){ref-type="fig"}), 452 X (Fig. [5b](#Fig5){ref-type="fig"}), 18.49 kX (Fig. [5c](#Fig5){ref-type="fig"}), 4.57 kX (Fig. [5d](#Fig5){ref-type="fig"}), 588 X (Fig. [5e](#Fig5){ref-type="fig"}) and 1.67 kX (Fig. [5f](#Fig5){ref-type="fig"}). After this, some of the samples were stained with 1 μg/mL bis-benzimide and 10x SYPRO Orange (BIORAD, Hercules CA USA) and examined and photographed in a fluorescence microscope.Fig. 2A typical fluorescence microscope image of cultured U2OS human cells on a steel substrate after 2 days. Structures on the steel are visualized in an epifluorecence microscope without applying filters---the image is merged with blue and red emission channels representing nuclei and β-tubulin networks, respectively. The typical cell morphologies of U2OS cells on a smooth steel surface can be seen in area C. On this substrate, other areas consist of 'horizontal' lines (**a**) and 'vertical' lines (**d**) crossing to form a 2D grid structure (**b**). LIPPS nanogrooves can be either parallel to micron grooves (**d**) or perpendicular to micron grooves (**a**). Hence, all nanogrooves are orientated vertically in this picture---and also in the grid structure (**b**). The height of the grooves in A and D is 4 μm, and hence the height of the structures on the area B varies up to 8 μm. The orientation of LIPPS may in part explain why the cells are more elongated in area D than in A and prefer 'vertical' orientation on the grid B. The cell nuclei are stained blue with Hoechst and the red represents the cell skeletons (β-tubulin antibody). Bar is 100 μmFig. 3Orientation of the cells and nuclei on 1D periodic structures after a 4 day culture. The fluorescent staining of the nuclei with Hoechst (**a**) and of the entire cells with SYBR orange protein stain (**b**) shows that the nuclei are also orientated. While the quantification is more easily done from the pictures with nuclei staining, **c** shows the degree of orientation of the cell nuclei on 12.5 μm (*black*) and 25 μm (*dark gray*) and on smooth steel (*light gray*). The percentage of the cell nuclei (Y-axis), whose orientation diverged less than 2, 2.5, 3, 3.5, 5, 10, 20 and 45 ° was calculated using the CellProfiler program. For random orientation, 50 % is reached at 45. Bars in **a** and **b** 100 μmFig. 4Cell morphologies on a grid structure after a 2 day culture. **a** Fluorescence microscope image of the cells when the focal plane is on the top of the structure. **b** Focal plane is ten microns below the one in A. **c** Scanning electron microscope image of cells growing downwards. Bars **a** 25 μm, **b** 25 μm and **c** 4 μmFig. 5Cell cultures on plastic replicas. **a** In the upper-left corner of the image (area F), confluent cells can be seen on the smooth surface after a 4 day culture, while on the upper and left margins there are "vertical" (area V1D) and "horizontal" 1D (area H1D) grating structures, respectively, which cross elsewhere in the picture (2D). **b** Horizontal structures (H1D in A) and 2D grid (2D in A). **c**, **d** Details of the grid structure can be seen down left in A (area 2D in A). **e**, **f** Cells on smooth and on coral-like structures. Bars **a** 1 mm, **b** 100 μm, **c** 4 μm, **d** 10 μm, **e** 100 μm and **f** 20 μm

Image analysis {#Sec7}
--------------

The CellProfiler program (Jones et al. [@CR11]) was used to determine the cell densities and the orientation of the nuclei from the fluorescence microscope images of the bis-benzimide stained samples. The nuclei were identified and their number and other parameters were calculated by the program. In three parallel experiments, the orientations of 1052, 1110 and 1009 nuclei were calculated: the experiments were done for the linear gratings with both 12.5 μm and 25 μm periodicity and also for the flat control surfaces of same material, respectively. Standard deviations are shown as error bars in Fig. [3c](#Fig3){ref-type="fig"}. To estimate the inhibition of the growth rate of the coral-like structures, a total of 2068 cells were analyzed from four parallel experiments.

Results {#Sec8}
=======

Laser ablation, imprinting and material characterization {#Sec9}
--------------------------------------------------------

The introduced topographical changes alter the surface properties of a material. Surfaces with certain combinations of nano and micro structures can exhibit extraordinary wettability; often referred as superhydrophobicity or superhydrophilicity. This is also the case for many different types of laser ablated structures. In this study, contact angle measurements were carried out to find out whether our structures fulfil these conditions. Typical metal structures are shown in Fig. [1a-c](#Fig1){ref-type="fig"}. For the 2D metal gratings with 15 μm periodicity and approximately 8 μm in depth (Fig. [1a](#Fig1){ref-type="fig"}), we measured a contact angle of 150 °, which can be considered as highly hydrophobic, while a clean and polished steel surface showed a contact angle of only 80 °. The structure (Fig. [1a](#Fig1){ref-type="fig"}) was replicated to PC (Fig. [1d](#Fig1){ref-type="fig"}) and the contact angle remained unchanged (150 °). The hydrophobicity is caused by spikes which are formed in cross points where ablated lines cross and holes are formed in combination with the self-formed nanostructures.

Another type of structure is seen in Fig. [1b](#Fig1){ref-type="fig"}. These coral-like structures are self-organized and the size of their average structural formation is dependent from the laser fluence. The micron structure is again covered with the laser induced nanoscale structures. In contrast to polished and clean metal, this pseudo-periodic, coral-like structure showed, at first, a more hydrophilic nature with a contact angle of 30 °, but interestingly, in the course of time, it turned to 170 °, presumably because of interaction with the carbon dioxide of the air (Kietzig et al. [@CR13]). The contact angle of the structure was decreased to 150 ° when replicated to PC (Fig. [1e](#Fig1){ref-type="fig"}) (while for 2D periodic gratings, the contact angle remained unchanged). One possible explanation for this difference is that the micron level features of the positive coral structure is similar with those of its negative copies, while in the case of 2D gratings, the positive and the negative structures are different in this level. Another possible explanation lies in the nanostructures; in their formation and arrangement (e.g., LIPPS orientation).

In addition to the grid and coral structures, several linear structures were manufactured. A typical linear grating employed in the cell cultures is shown in Fig. [1c](#Fig1){ref-type="fig"}, while Fig. [1f](#Fig1){ref-type="fig"} represents a crossing point of two linear gratings replicated on PC. As seen in Fig. [1](#Fig1){ref-type="fig"}, hot embossing processes result in imprints with well-formed details.

Control of cell behaviour {#Sec10}
-------------------------

To test the biological properties of these structures, cells were grown on the patterns of both steel and PC. All substrates were pre-wetted in a complex media for several hours. This was done to weaken the effects of extreme wettabily and its possible effects on cell locations at the initial stage (via cell drifting with fluid/gas movements on capillary structures at the start). A structure on stainless steel (Fig. [2](#Fig2){ref-type="fig"}) greatly altered the cell morphology after two days of culture. The cells were highly elongated and aligned with the grooves in the steel, while on the smooth surfaces, the cells exhibited a typical flatten and spread, plate-like shape (Fig. [2](#Fig2){ref-type="fig"}). On these grating structures, the cytoskeleton (and cytosol) of the cells was located even in a single groove. In addition, the results indicate that the location of the cells could be controlled on sparse grating as well, such as on the formations in the borderlands of the actual gratings of interest (suppl. Fig. [1](#MOESM1){ref-type="media"}). This is possibly due to slower migration rates or increased adhesion on the structures.

### Cell growth on linear grating structures {#Sec11}

The effect of the width of the period to cell orientation is demonstrated in this study by comparing two different widths (12.5 μm and 25 μm) with the smooth steel surface as the control. On the control surface, the cell nuclei orientated randomly as expected, while on the structure with 12.5 μm periodicity practically all of the cell nuclei, excluding those of dividing cells, were elongated and aligned with the structure (Fig. [3a](#Fig3){ref-type="fig"}). These nuclei of post-mitotic cells can be seen as pairs of condensed but adjacent bright "dots" with rounder shapes. Similarly, in a protein staining, freshly divided cells have a brighter emission (Fig. [3b](#Fig3){ref-type="fig"}). However, the quantification of the aligned cells was problematic because of the confluence of the cells after a four day culture. Hence, the orientation of the nuclei was measured instead (Fig. [3c](#Fig3){ref-type="fig"}). When the period was raised to 25 μm, the number of highly orientated nuclei decreased, which can be explained by an increase in spatial freedom to cells. Note that a typical human somatic cell nucleus has a diameter of 5--10 μm. The control surface reached an orientation level of 50 % at ±45 ° as expected, while the difference between the two grating structures decreased. In neither case, the linear grating structures on the steel plates did not affect the proliferation rates notably when compared with the flat surface.

### Filopodial growth on positive and negative structures {#Sec12}

The fluorescent immuno-staining with a specific antibody shows that the long extension seen in Fig. [2](#Fig2){ref-type="fig"} includes tubulin fibres. On the steel plates, the filopodial growth cannot be seen in the SEM images, since the cell protrusions are located deep in the grooves. However, analysis by fluorescence microscopy reveals that the cells protrude in the grooves and elongate along them (Fig. [4](#Fig4){ref-type="fig"}). Contrary to the growth on the steel plates, on the complementary micron scale structure with a negative topography, the cells grow upon narrower ridges and filopodia grow along the top of the structure (Fig. [5a-d](#Fig5){ref-type="fig"}). Figure [5d](#Fig5){ref-type="fig"} shows an example of such a filopodium growing on PC. It needs to be reminded here that because the structures on PC are negative imprints of those on steel, grooves on the steel plates become ridges on PC and their size changes accordingly.

### Cell growth on quasiperiodic structures {#Sec13}

Contrary to linear structures, which had no significant effect on proliferation, the growth of the U2OS cells was clearly inhibited on the quasi- or pseudo-periodic coral structures (Fig. [5](#Fig5){ref-type="fig"} and suppl. Fig. [2](#MOESM1){ref-type="media"}). The growth rate was decreased by 78.6 ± 9.9 % compared to the cells grown on the flat surface. As portrayed by Fig. [5e, f](#Fig5){ref-type="fig"}, cell morphology is now more condensed and the cells form groups where the nuclei are close to each other. Moreover, the cells seem to have more contact deeper into the pits of the structures with their filopodia, which was not as commonly observed in other types of structures on PC.

Discussion {#Sec14}
==========

Relation to previous studies {#Sec15}
----------------------------

Other studies carried out using different manufacturing methods confirm that certain structural dimensions can alter the behaviour of cells---although some effect can be specific to the cell type, cell line or tissue. For example, the combination of nano- and microstructures resembling tissue matrixes, nanosized nodules of TiO~2~ around 300 nm in diameter, located in micron sized pits, has been found to be a good target for osteoblast (Kubo et al. [@CR14]). On the plastic substrates, PC (Rebollar et al. [@CR25]) and polystyrene (Zhu et al. [@CR45]), the cells have been found to align with nanogrooves and ridges, again with the same size of a few hundred nanometres. In the present study, the cells aligned with 12.5 and 25 μm sized periodic structures, in which various nanostructures located on the ridges and grooves with a structural dimension down to and below 100 nm. A possible explanation is that the size of the structures is in the same scale than the size of the individual cells, cell organelles and proteins, and protein complexes (e.g., focal adhesion proteins, integrin). Hence, the topographical patterns represented in this study may help in the development of implantable devices---when applied directly to surfaces of metallic devices (electrodes, screws, etc.) adhesion and contact could be improved or used as a mould for plastic devices.

Orientation of the cells {#Sec16}
------------------------

A study by Fujita et al. (Fujita et al. [@CR7]) on cell alignment on nanogrooved substrates suggests the importance of the retraction phase of the cell protrusions. The study suggests that slower retraction parallel to grooves could lead cells to align with the nanogrooves. In the case of hierarchical periodic structures made by laser ablation, the submicron structures or "nanogrooves" can be orientated either parallel or perpendicular in relation to higher structural levels (Fig. [2](#Fig2){ref-type="fig"}). This attribute, a property of LIPPS, can be controlled by the laser polarization angle relative to the ablated line direction and by the fluence and pulse number. Nevertheless, it seems that the studies referred to here---including the study by Fujita et al.---agree that the filopodia "grows" or retains parallel to the nanogrooves, which eventually lead cells to elongate with the nanogroove direction. In the present study, this was seen on the bottom of the micron scale grooves of the metallic grating structures, and on the corresponding area (on the top of the ridges) of the negative plastic copies. Hence, the high degree of cell orientation (seen in the present study) may be due to the cumulative effect of the parallel orientations of both nanometre and micron scale structural cues.

Inhibition and morphology on quasiperiodic structures {#Sec17}
-----------------------------------------------------

The inhibitory effect was predominant on the non-continuous "coral-like" structures. Similarly, Schlie et al. ([@CR29]) report inhibitory and selective properties of spike structures generated using the same technique. Furthermore, Alves et al. ([@CR1]) found superhydrophobic poly-L-lactic acid surfaces to posses similar inhibitory effects, and even to be able to control the proliferation of bone marrow-derived cells. Thus, these kinds of structures could be useful in designing selective platforms for the cells. By laser ablation, such inhibitory "zones" can be easily designed and manufactured (an example of this is shown in the [supplementary figures](#SecESM1){ref-type="sec"}). Furthermore, the zone or line width can be adjusted to be as narrow as only few microns and can be copied to plastic with extremely high aspect ratios resembling more natural 3D matrixes. It is worth mentioning herein that while the hydrophobic multilevel structures (like in the present study) may inhibit the growth of osteoblastic cells in general, similar but hydrophilic structures may improve both proliferation and differentiation (Zhao et al. [@CR44]). Hence, these coral-like structures imprinted on a hydrophilic surface or with an appropriate hydrophilic surface modification could be good targets for osteoblasts as well.

In a recent study, the deformability of cancerous cell lines was evaluated (Davidson et al. [@CR5]). In this case, the cell nuclei on pillars underwent deformations of the nuclei. Interestingly, on the coral structures of the present study, the cells had a slower proliferation rate but highly branched cell morphology. This could indicate that structural features may decrease the deformability of cancerous cells. Naturally, it should be taken into account whether cancerous cells change their gene expression or show other signs of specialization than merely the changes in their morphology. However, further research exploring primary cell lines would be significant in this regard. Recently, Brammer et al. ([@CR3]) found hydrophobic nanopillars useful in controlling the differentiation of mesenchymal stem cells, further highlighting the importance of structural cues and surface energies in the cell fate and hence in the material design for life-science purposes. Laser ablation can provide very fast ways to produce a variety of nanostructures with different surface energies.

Method properties and future directions {#Sec18}
---------------------------------------

Another interesting direction for future research would be to study the effects of various LIPPS signatures and their orientation. The theory of LIPPS formation is relatively well known (Qi et al. [@CR23]; Zhao et al. [@CR43]) and LIPPS can be controlled with, for example, polarization and the angle of incidence. Wang et al. ([@CR38]) generated LIPPS to polystyrene with a *p*-polarized laser using a wavelength of 266 nm. They found these structures effective in the control of cell migration and orientation. However, the study presents only the effects of nanostructures, while micron sized structural formations are absent. Additionally, high laser fluence can induce chemical modifications to the surface, which can be desirable in various biomedical purposes. Furthermore, laser ablation can also be carried out in liquid ambiences (Chung et al. [@CR4]; Yang et al. [@CR39]), which can affect structural formations as well, and induce complex chemical modifications in a single step. It could also allow simultaneous and immediate mineralization processes of the laser ablated surface in the presence of suitable additives (Tavangar et al. [@CR32]).

In addition, laser ablation provides certain advantages over other nano- and micro patterning techniques. It can be applied directly on a variety of materials and without any contact to them. It is capable of producing both micro- and nano features in a single step. It can also be applied on irregular topographies or heterogeneous surfaces, and on both soft and hard materials---all of which are important aspects in biomaterial design (Balasundaram et al. [@CR2]). It allows direct modification of soft material---useful for, for example, generating 3D matrixes in collagen (Liu et al. [@CR16])---or indirect modification by imprinting structures to plastics as in the present study. It is applicable to both opaque and transparent materials, and in the latter case, it can produce structures even inside the material (Kanehira et al. [@CR12]; Liu et al. [@CR16]) or under a transparent sealing---not to mention that it is powerful for welding as well---even glass (Chung et al. [@CR4]). Furthermore, laser ablation is capable of making structures with an extremely high aspect ratio and deep holes with nanoscale decoration (Huang et al. [@CR9]), which could be used as a scaffold for capillary system, for instance. Laser ablation is easy to use for macroscopic designing of the mould and it allows endless modifications by changing the optical set up, and with multiple beams, the variety of structures is further increased. We also believe that the high flexibility of the technique could be a response to the challenges of interface tissue engineering (Seidi et al. [@CR31]) or provide novel scaffolds for studying cultured neuronal networks.

Conclusions {#Sec19}
===========

Femtosecond laser ablation is able to produce multi-level periodic structures. It is tuneable and can hence be used to design structures that affect certain cell types or lines. It is versatile and can be applied even on irregular surfaces. Furthermore, it is able to handle diverse materials and alter their physico-chemical properties. In addition to control over the cell shape or proliferation, it can also be used to control the cell location on the substrate. Structures can be imprinted on common plastics, and hence mass production of culture plates or other biomedical plastic products becomes possible. This study concludes that it can be used to control cell migration and localization, morphology, spreading, orientation and proliferation. Especially the orientation of U2OS cells was fully controlled in this study on both steel and plastic replicas.
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